Two temperature-sensitive mutants (lysSi and lysS2) of the lysyl-transfer ribonucleic acid synthetase (L-lysineAtRNA ligase [adenosine 5'-monophosphate], EC 6.1.1.6) of Bacillus subtilis have been isolated. Although protein synthesis is inhibited in both mutants at the restrictive temperature (42 to 45 C), the mutants remain viable in a minimal medium. In comparison with the wild-type lysyl-tRNA synthetase, the L-lysine-dependent exchange of 132P ]pyrophosphate with adenosine 5'-triphosphate (ATP) for both mutant enzymes is decreased. The lysSl enzyme is completely defective in the ATP-dependent attachment of L-lysine to tRNA, whereas the lysS2 enzyme has 3-to 10-fold reduced levels of this activity. Temperature-resistant transformants have wild-type enzyme levels, whereas partial revertants to temperature resistance have varied levels of enzyme activity. The attachment and exchange activities of the lysS2 enzyme are more heat labile in vitro than the wild-type enzyme, as is the attachment activity of a partial revertant of the lysSl mutant. The lysSl and the lysS2 lysyl-tRNA synthetases have higher apparent Km values for lysine and ATP, in both the activation and the attachment reactions. The lysS2 enzyme has a Vmax for tRNA'Y" one-third that of the wild-type enzyme. Molecular weights of -150,000 for the wild-type and lysS2 enzymes and -76,000 for the lysSl enzyme were estimated from sedimentation positions in sucrose density gradients assayed by the ATP-pyrophosphate exchange activity. We propose that the two mutations (lysSi and lysS2) directly affect the sites for exchange activity, but indirectly alter attachment activity as a consequence of defective subunit association.
132P ]pyrophosphate with adenosine 5'-triphosphate (ATP) for both mutant enzymes is decreased. The lysSl enzyme is completely defective in the ATP-dependent attachment of L-lysine to tRNA, whereas the lysS2 enzyme has 3-to 10-fold reduced levels of this activity. Temperature-resistant transformants have wild-type enzyme levels, whereas partial revertants to temperature resistance have varied levels of enzyme activity. The attachment and exchange activities of the lysS2 enzyme are more heat labile in vitro than the wild-type enzyme, as is the attachment activity of a partial revertant of the lysSl mutant. The lysSl and the lysS2 lysyl-tRNA synthetases have higher apparent Km values for lysine and ATP, in both the activation and the attachment reactions. The lysS2 enzyme has a Vmax for tRNA'Y" one-third that of the wild-type enzyme. Molecular weights of -150,000 for the wild-type and lysS2 enzymes and -76,000 for the lysSl enzyme were estimated from sedimentation positions in sucrose density gradients assayed by the ATP-pyrophosphate exchange activity. We propose that the two mutations (lysSi and lysS2) directly affect the sites for exchange activity, but indirectly alter attachment activity as a consequence of defective subunit association.
Temperature-sensitive mutants of aminoacyl-transfer ribonucleic acid (tRNA) synthetases have been used to demonstrate the roles of these enzymes in protein synthesis (18, 25) and to implicate them in the regulation of amino acid biosynthesis (25) . In addition to providing a means for studying their physiological roles, aminoacyl-tRNA synthetase mutants have also been used to correlate activity with the subunit structure of the enzyme (2, 3, 8, 15, 22) . As part of a study of the roles of these enzymes in the developmental cycle of Bacillus subtilis, we have attempted to isolate and characterize temperature-sensitive mutants of the lysyltRNA synthetase (LRS) of this organism.
This study will show that each of the two independent mutations in the structural gene(s) for LRS of B. subtilis (27) results in a thermosensitive enzyme with altered activity. In one mutant, an altered subunit association was MATERIALS AND METHODS Stmins. The strains used in this study are listed in Table 1 . All strains are derivatives of B. subtilis 168M. The isolation of the LRS mutants is described below.
Media. Cultures were routinely grown in either Difco antibiotic medium #3 (PAB) or the minimal glucose medium (MG) of Spizizen (32) . Solid media employed were MG medium with 1.7% agar, or NAT medium which contained the following (per liter): Difco nutrient broth, 8 g; glucose, 1 g; thymine, 10 mg; agar, 15 g. CATT medium consisted of MG salts Km determinations. Extracts for the determination of kinetic constants in the attachment assay were prepared by method (ii). Reactant concentrations were as described previously (34) , except for the substrate in question, which was varied. YALD assay. The YALD assay was carried out as described by Vallee and Hoch (36) . The reaction mixture consisted of the following (per ml): 15 ,umol of sodium pyrophosphate, pH 8.8; 320 qmol of ethanol; 8 umol of nicotinamide adenine dinucleotide (NAD). The reaction was started by adding 0.02 ml of sample to 0.5 ml of the reaction mixture, and the absorbance at 340 nm was monitored at 2-min intervals for 8 min.
One unit of enzyme is that amount which produces 1 zmol of reduced NAD per min at 25 C. (320 U/mg) was purchased from Worthington Biochemicals (Freehold, N.J.). Bio-Gel P-6 (100 to 200 mesh) was a product of Bio-Rad Laboratories (Rockville Center, N.Y.). Whatman phosphocellulose P-11 (7.4 meq per g) was purchased from Reeve Angel (Clifton, N.J.) and was prepared according to the procedure for carboxymethyl cellulose (Whatman Technical Bulletin IE2).
RESULTS
Growth of the lysS mutants. Strains bearing the lysSl and lysS2 mutations exhibit temperature-sensitive growth. Figure 1 shows the growth of strain VB122 (lysSl) and strain VB124 (IysS2), at permissive (30 C) and restrictive temperatures (42 or 45 C), in MG medium supplemented with various concentrations of L-lysine. Without exogenous lysine, growth of the lysSl strain stopped within 40 min after a shift up to 42 C. The growth rate of the lysS2 strain was reduced by only 1/3 at 42 C in MG medium (not shown), but growth was temperature sensitive at 45 C (Fig. 1 ). In the absence of lysine, the growth rate declined 10-fold within 2 h. In contrast, the growth rate of a wild-type strain (168M) at 45 C increased 2.7-fold over that obtained at 30 C (data not shown).
Both the lysSi and the lysS2 mutant strains were protected by exogenous L-lysine against thermal inhibition of growth ( Fig. 1 ). L-Lysine added at 10lg/ml had a transient effect on the growth capacity of the lysSl mutant at 42 C. At 50 qg of L-lysine per ml, the lysSl strain grew exponentially at the same rate as a culture growing at 30 C. The lysS2 mutant was essen- cursors of protein, RNA, and DNA into trichloncubation of the lysSl or IysS2 mutants in roacetic acid-precipitable material (Fig. 2) (17) showed that ysine per ml; U, 42 C, 50,ug of L-lysine per ml. incubation of the cold-sensitive prolyl-tRNA synthetase was necessary to convert its inactive monomers to active dimers, we attempted a similar experiment with the lysS2 extract. Incubation of the lysS2 extract at 25 C for 10 min prior to assay did not increase attachment activity. In contrast to attachment activity, the ATP-PP, exchange activity of both of the mutants and of the wild type reached maximum levels at the same extract protein concentration, 20 ,g per assay (Fig. 4) .
Correlation of temperature sensitivity and defective LRS activity of lysS mutants. To determine whether the defective LRS activity and the temperature sensitivity of the lysS mutants were the result of the same genetic defect, we examined the LRS activity of temperature-resistant transformants and spontaneous revertants.
Transformation of lysSl and lysS2 mutants to temperature resistance using limiting concentrations of wild-type DNA (0.05 ,ug/ml) produced transformants with wild-type enzyme activity. All 22 temperature-resistant transformants examined (for both lysSl and lysS2) ,Ug PROTEIN/ ASSAY  FIG. 3 . Effect of protein concentration on the lysyl-tRNA synthetase attachment activity. Extracts of a wild-type strain (VB167), a lysSl mutant (VB122), and a lysS2 mutant (VB124) were prepared by method (i). An extract of a lysS2 mutant (VB124) was also prepared by method (ii). The extracts were diluted with buffer A containing 1 mg of BSA per ml. Symbols: 0, strain VB167 (lysS+); A, strain VB122 (lysSI); x, strain VB124 (lysS2), prepared by method (i); 0, strain VB124 (lysS2), prepared by method (ii).
had wild-type attachment activity, indicating at the very least a close linkage of the two phenotypes. (34) . Table 4) for lysine, ATP, and tRNAIY' are plotted by the method of Lineweaver and Burk (19) . The Km values for lysine and ATP of the lysS2 enzyme are eight-and ninefold higher, respectively, than those for the wild-type enzyme. The Vmax of the lysS2 enzyme is the same as wild type with respect to lysine, but is 1/5 that of the wild type with respect to ATP. In contrast to lysine and ATP, the mutant enzyme Km value for tRNAIY' is twofold lower than the wild-type enzyme. However, the mutant enzyme Vmax for tRNA'Y" is 1/3 that of the wild type.
Sedimentation characteristics of LRS. Figure 8 shows the sedimentation profile of LRS activity from lysS+, lysSl, and lysS2 strains in a 5 to 20% sucrose gradient. Wild-type LRS attachment or ATP-PPi exchange activity sedimented in the same region as YALD, which has a molecular weight of 150,000 (12) . An extract of the IysS2 mutant, centrifuged in a parallel gradient tube, had no detectable LRS attach- The nonlinearity of the ATP-PP, exchange activity of the lysSI and IysS2 enzymes in time course studies indicated that the mutant enzymes were highly unstable under the assay conditions. Incubation of extracts of the lysSl or lysS2 mutants in the reaction mixture at 25 C for intervals of time prior to addition of lysine indicated that the enzyme was inactivated within 5 min, as addition of lysine after this time did not restore full activity (data not shown). Neither enzyme was noticeably stabilized by the addition of ATP (1 mM) and lysine (5 mM), nor by 30% glycerol. In contrast to ATP-PP, exchange activity, the attachment activity of the lysS2 enzyme was linear with time. The Bio-Gel filtration or dialysis steps, required before crude extracts can be used in the ATP-PP, exchange assay, may be responsible for this difference in the two types of assays.
Structural defects of the lysSi and lysS2 enzyme. A number of observatiens from this study suggest a functional separation of the attachment and ATP-PP1 exchange activities.
(i) The lysSI mutant has no attachment activity, whereas it does have ATP-PPi exchange activity (Table 2) . (ii) A revertant of lysSl had wild-type ATP-PP1 exchange activity, but almost no attachment activity (strain VB122R27, Table 3 ). (iii) LRS attachment activity of the wild type and the IysS2 mutant is more heat labile in vitro than ATP-PP, exchange activity (Fig. 5) . (iv) The attachment activity of the IysS2 mutant is more dependent on extract concentration than is the ATP-PP1 exchange reaction ( Fig. 3 and 4 (Fig. 8) . The lack of attachment activity of this mutant suggests that association of subunits may be necessary for attachment activity and that subunits of 76,000 molecular weight are sufficient for the exchange reaction. However, aggregation to a 150,000 molecular weight form could have occurred during the assay. Aminoacyl-tRNA synthetase activity has been correlated with quaternary structure for mutants of the alanyl-(3, 15), lysyl-(8), and phenylalanyl-tRNA synthetases (2) of E. coli, and the glutamyl-tRNA synthetase of Micrococcus cryophilus (22) . An alanyltRNA synthetase mutant (15) lacks attachment activity and is apparently defective in subunit association. Also, a requirement for subunit association has been shown for the wild-type prolyl-tRNA synthetase of E. coli (17) and tryptophanyl-tRNA synthetase of beef pancreas (11) . E. coli and yeast LRS (30) have been shown to be dimers with subunit molecular weights of 62,000 and 72,000, respectively.
The attachment activity of the lysS2 mutant enzyme varied with the method of preparation (Fig. 3) . At 25 gg of extract protein per assay, the specific activity of an extract prepared by method (ii) was threefold greater than an extract prepared by method (i). Cells prepared by method (i) were in or near stationary phase and were disrupted by ultrasonic vibration. In method (ii), the cells used were in logarithmic growth and a French pressure cell was used to make extracts. These procedures differentially affected the mutant activity but had no effect on the wild-type enzyme.
The effect of protein concentration on attachment activity of the IysS2 mutant (Fig. 3) (20) do indicate that the turnover numbers of aminoacyl-tRNA synthetases in the ATP-PP1 exchange reaction are 10-to 100-fold larger than those for the attachment reaction.
If it is assumed that the 150,000 molecular weight form of LRS is required for attachment activity, then the differential effect of lysS2 protein concentration on the attachment and exchange reactions ( Fig. 3 and 4) can be explained as follows. Increasing the extract concentration in the ATP-PP, exchange assay does not raise activity to wild-type levels because the catalytic sites for this activity are impaired, and increasing the concentration of these sites cannot increase their activity (Fig. 4) . However, the catalytic site for attachment is probably unimpaired (the Km for tRNAIYS is essentially unaltered, Table 4 (27) results in a temperature-sensitive enzyme.
